Yttria-stabilized zirconia (YSZ) is a very well-known oxide ion conductor that is used as the solid electrolyte in solid oxide fuel cells and oxygen gas sensors. [1] [2] [3] It usually takes the form of a high-density ceramic in which the bulk resistance in series with a grain boundary resistance gives the overall sample resistance. 4 In almost all cases, the grain boundary resistance is present and cannot be eliminated readily by attention to ceramic processing conditions. The nature of the grain boundary impedance is often unclear, although significant compositional differences from the bulk, associated with dopant segregation, may be involved. 5, 6 In order to measure sample impedances, sample-electrode contacts are necessary and therefore, appropriate consideration of their associated impedances forms part of the overall impedance analysis. For YSZ, contact impedances include contributions from the blocking of oxide ions at the sample-electrode interface, charge transfer resistances associated with the O 2− /O 2 redox couple and the diffusion of O 2 molecules between the surrounding atmosphere and the sampleelectrode interface. Usually, electrode contact impedances are wellseparated on a frequency scale from bulk/grain boundary impedances because they have much higher associated capacitances, C: typically (1-10) × 10 −6 F for the electrode contact compared with ∼ 1 × 10 −10 F for a grain boundary capacitance and (2-3) × 10 −12 F for a bulk capacitance. Relaxation frequencies, ω, are given ideally by ωτ = 1, where τ = RC and therefore, the frequency maxima of impedance semicircles, arcs or peaks associated with bulk/grain boundary impedances are usually separated by several decades from those of electrodesample contact impedances. This allows the visualization and characterization of sample properties without the necessity to eliminate sample-electrode contact impedances but, of course, a full analysis of properties, including the modelling of sample-electrode impedances, can also be carried out, as shown here.
Conductivity Arrhenius plots for oxide ion conduction in YSZ have been reported on many occasions and we do not give a comprehensive survey of the early literature here. Many data sets, especially for compositions that exhibit high oxide ion conductivity, show distinct curvature of the Arrhenius plots which is attributed to the trapping at lower temperatures of mobile oxide ion vacancies in vacancydopant defect complexes. 3, [7] [8] [9] [10] Two possible defect complexes that are widely discussed are the charged dimer, (Y x and their relative proportion may change with composition. Typical reported activation energies are ca 1.1 eV at low * Electrochemical Society Member.
z E-mail: x.vendrell@sheffield.ac.uk temperatures and ca 0.85 eV at high temperatures; the difference of ca 0.25 eV is often regarded as the dissociation enthalpy of the defect complexes. [11] [12] [13] [14] [15] It is standard practice in the analysis of impedance data of YSZ ceramics and single crystals to present data in the form of impedance complex plane plots, Z ′′ /Z ′ and to obtain bulk conductivity data from the low frequency intercept of the high frequency arc or (distorted) semicircle on the real, Z ′ axis; sometimes, the data are fitted to a semicircle whose center is depressed below the Z ′ axis. 16, 17 Impedance complex plane, Z * , plots represent a good method to separate bulk and grain boundary resistances since the appropriate equivalent circuit for data analysis is a series combination of the parallel RC elements that represent the bulk and grain boundary components. However, Z * plots on linear scales give undue weighting to the largest resistances in a sample and effectively, exclude from view any low resistance components such as those associated with inhomogeneous ceramics that may have conductive grain cores but resistive grain boundaries.
A more comprehensive analysis of impedance data that avoids such weighting is obtained by presenting the same impedance data in at least two of the four formalisms: impedance Z * , admittance Y * , permittivity ε * and electric modulus M * using the following interconversions: 18, 19 
where C 0 is the vacuum capacitance of the conductivity cell, without a sample in place. Each of these formalisms has real and imaginary components, such as:
Following these interconversions, data may be plotted as either complex plane (or Nyquist) plots, e.g. Z ′′ vsZ ′ or as spectroscopic (or Bode) plots, e.g. Z ′′ , M ′′ vs log f . It was shown recently that accurate fitting of impedance data of YSZ ceramics to the traditional equivalent circuit consisting of a series combination of bulk and grain boundary impedances was not entirely successful. Instead, better agreement was obtained on introduction of an additional series RC element, that was attributed to a localized dipolar reorientation process, into the equivalent circuit; 20 this element was placed in parallel with the element representing long range dc conduction through the sample.
F967
The objectives of the present work were to (1) obtain impedance data on a YSZ single crystal that therefore, did not contain any grain boundary contribution, (2) find the most appropriate equivalent circuit to model the bulk impedance data by considering the possibility of a parallel combination of both long range and local conduction processes, (3) extract values for the various circuit parameters as a function of temperature and (4) model and characterize the impedance response of the sample-electrode interface.
Experimental
Single crystals of yttria-stabilized zirconia of composition 8 mol% Y 2 O 3 (8YSZ) were obtained from Pi-Kem. The crystals were provided as plates parallel to lattice planes of the set {110} with dimensions 5 × 5 × 0.5 mm. The crystals were already polished on a pair of opposite plate faces and were used as-received. Electrodes were fabricated from Pt-paste on opposite plate faces which was dried and hardened by heating at 900
• C for 2 h. The crystals were then attached to the Pt leads of a conductivity jig which was placed inside a horizontal tube furnace.
Impedance measurements in air were obtained over the temperature range 150 to 750
• C and recorded using two instruments, an Agilent 4294A over the frequency range 40 Hz to 3 MHz and a Solartron 1260A over the frequency range 0.01 Hz to 1 MHz. Most of the data were collected using the Agilent, but use of the Solartron enabled an extra three decades at low frequency to be accessed, especially for measurements at high temperatures; the nominal ac voltage used was 100 mV. At each temperature, the system was allowed to equilibrate for 1 h, without voltage applied, prior to impedance measurements. Data were analyzed using Zview (Scribner Associates Inc.) software. Impedance data were corrected for crystal geometry and electrode contact area; this allowed resistance and capacitance to be reported in resistivity and permittivity units of cm and F cm −1 , respectively. Open circuit measurements of an empty jig were used to obtain the blank parallel capacitance, C 0 , of the jig and leads, which was subtracted from the values obtained with a sample present in the jig. In order to obtain the C 0 value, the jig was assembled with hardened Pt electrodes of similar dimension, but without a sample in place. Closed circuit measurements were obtained by connecting the two electrodes directly and used to correct for the series jig resistance.
The first objective in data analysis was to find the most appropriate equivalent circuit to represent data sets; to achieve this, data were presented in various formats so as to visually, gain an overview of the various components shown by the data. We found the following presentations to be particularly appropriate and were the ones used here.
First, Z ′′ vsZ ′ plots served to highlight the main resistive components but had the disadvantage that small additional resistances were effectively hidden. As also shown later, Z ′′ vsZ ′ plots were not a good discriminator between the possible equivalent circuits.
Second, log Y ′ vs log f plots gave equal weighting to the various conducting elements and in particular, highlighted the presence of a high frequency dispersion which was modelled using the bulk constant phase element, CPE.
Third, combined Z ′′ /M ′′ vs log f plots were examined to see whether the main resistance, shown by the largest arc in plots of Z ′′ vsZ ′ or the largest peak in plots of Z ′′ vs log f , represented the sample bulk. If it did, the Z ′′ peak should coincide approximately with the largest peak in M ′′ vs log f which corresponds to the bulk response since it represents the element with the smallest (ie bulk) capacitance.
Fourth, log C ′ vs log f [C ′ ≡ ε ′ C 0 ] plots were examined since they gave equal weighting across the frequency spectrum to the various capacitive elements, including the limiting high frequency capacitance, any intermediate frequency capacitances and low frequency, electrode-sample contact capacitances.
The second objective in data analysis was to fit the experimental data to possible equivalent circuits. It is essential to identify the most appropriate equivalent circuit in order to have correct equations to evaluate the component R, C and CPE parameters. Fit quality and accuracy were assessed by both visual inspection of the data in various formalisms, as indicated above and the residuals between experimental and fitted data.
The third objective was to determine the dependence of the various circuit component values on temperature and interpret the component parameters in terms of sample characteristics.
Results and Discussion
Impedance data are shown for the (110) orientation in Figure 1 as (a) a Z * complex plane plot and (b)
′ spectroscopic plots at one representative temperature, 306
• C. At this temperature, data are dominated by the sample response whereas sample-electrode contact impedances start to appear in the data at higher frequencies. The Z * data (a) show a slightly distorted high frequency arc with a low frequency inclined spike (inset). The initial interpretations of these data are as follows:
Using conventional complex plane analysis, the high frequency arc (a) can be fitted to an appropriate function and the dc resistance value of the sample obtained from the low frequency intercept on the Z ′ axis. The capacitance associated with sample resistance can be obtained from the arc maximum using the relation:
As expected for a single crystal, there is no additional arc at lower frequencies associated with a grain boundary impedance. The low frequency spike represents the onset of the sample-electrode contact impedance.
On presenting the data in other formats (b-d), additional features are seen. Y ′ data (b) show a low frequency plateau corresponding to the dc conductivity, that is also obtained from the Z ′′ /Z ′ plots, and in addition, a high frequency, power law dispersion. Such dispersions are a characteristic feature of all ionically-conducting materials (and probably, many semiconducting materials as well) and are a manifestation of Jonscher's Universal Dielectric Response. 21 The dispersions correspond to regions of the frequency/time domain where local conduction processes occur but on shorter timescales than dc processes at lower frequencies. With increasing frequency in the dispersion region, increasingly easier conduction processes are detected and the measured ac conductivity rises.
Over the years, various empirical functions had been used to model the dispersion region until the seminal work of Jonscher who recognized the universal occurrence of a power law dependence of ac conductivity on frequency. Most recently, Almond and co-workers demonstrated that such power law dependence is a natural consequence of an equivalent circuit that consists of a large resistorcapacitor network. 22, 23 Until their demonstration, the significance of the characteristic slope, n, of the log conductivity-log frequency plots was not well appreciated but is now regarded simply as the ratio between the numbers of capacitive and resistive connections in the network. This high frequency power law conductivity dispersion is modelled in equivalent circuits by inclusion of a CPE whose admittance takes the form:
The bulk electrical properties of many ionic conductors are modelled well by an equivalent circuit A, Figure 2 , that consists of a parallel combination of a resistance, R, which represents the dc conductivity, a capacitance, C which represents the limiting high frequency permittivity, often given the symbol ε ∞ and a CPE which represents the power law dispersion. Figure 1c show one main peak in each spectrum with the peak maximum at slightly higher frequency for M ′′ than for Z ′′ . The peak maximum of an ideal, Debye-like M ′′ peak is inversely proportional to the capacitance of the R-C element responsible for the peak:
where C 0 is the capacitance of the empty jig that contains electrodes in the same geometrical arrangement. Since the smallest capacitance in an equivalent circuit usually represents the bulk component, the M ′′ peak, and the associated Z ′′ peak, enable assignment of these peaks to the bulk sample conductivity. The observed small separation in peak maximum frequencies (c) is a direct consequence of the presence of the CPE in the equivalent circuit A, Figure 2 . In addition, the CPE causes the M ′′ , Z ′′ peaks to broaden asymmetrically: the M ′′ peak is Debyelike at frequencies lower than the peak maximum but broadened at higher frequencies whereas, the Z ′′ peak is Debye-like at frequencies above the peak maximum but broadened at lower frequencies. 24 
C
′ data, Figure 1d , show two dispersions at high and low frequency with some evidence for both a limiting high frequency plateau at ∼2p F c m −1 and a poorly-resolved intermediate frequency plateau at ∼6p F c m −1 . The high frequency plateau in C ′ corresponds to a permittivity, of ∼25, using:
where e 0 is the permittivity of free space, 8.854 × 10 −14 Fcm −1 .This ε ′ value is attributed to the bulk permittivity, ε ∞ of the crystal. C ′ data at lower temperatures show this plateau more clearly, Figure 1e .
The intermediate frequency plateau has an effective permittivity of ∼70. It is not immediately obvious how this should be assigned since data obtained from single crystals should be free from any grain boundary or surface layer impedances and anyway, such a capacitance value of ∼6pFcm −1 would represent a significant volume fraction of the sample and be much smaller than expected for a grain boundary or surface layer. 19 It therefore, seems likely to represent an additional parallel element in the equivalent circuit.
The high values reached by the low frequency dispersion in C ′ Figure 1d and the observed low frequency spike in Z * ,( a ) ,a r ea ttributed to blocking capacitance effects at the crystal-electrode interface and in particular, are associated with oxide-ion conduction of the YSZ crystal. 25 Further interpretation of the impedance data required fitting to possible equivalent circuits, to establish the most appropriate circuit. The assessments of the validity of the possible equivalent circuits were carried out in various ways: (1) by visual comparison of fitted and experimental data over the whole frequency range, using data Although impedance data covering 8 decades of frequency were obtained, this was insufficient to fully fit to a complete equivalent circuit at any single temperature. Consequently, partial circuits were used for three temperature ranges: (i) low, (ii) intermediate and (iii) high which were then combined at the end of the analysis to give a master circuit. Finally, at the highest temperatures, (iv), modification to the circuit was required to include the introduction of instrumentationrelated inductive effects.
(i) Low temperature data, 170 to 220
• C The first step to establish the most appropriate equivalent circuit was to find a partial circuit that fitted the lowest temperature data sets since, at these temperatures, only the bulk response was detected over the measuring frequency range. The partial circuit A shown in Figure  2 covers the high frequency data associated with the bulk response and includes both dc conduction and ac conductivities associated with short range, power law effects. 21, 26 An excellent fit of low temperature data to this partial circuit was obtained, as shown at 190
• Ci n Figure 3 .
The presence of a CPE in the equivalent circuit was readily apparent in two ways. First, as shown in log Y ′ vs log f ,theCPErepresents the power law dispersion, at high frequencies, with slope n, Figure 3c . Second, in plots of log C ′ vs log f , the CPE contributes a power law dispersion of slope (n-1) at lower frequencies because C ′ = Y ′′ /ω = Bω n−1 ; this is seen over the frequency range ∼10 4 -10 6 Hz in Figure 1d . In the analysis of high frequency data, it is essential that both CPE 1 and C 1 are included in the equivalent circuit. 27 A CPE alone cannot account for experimental data in which both frequency-independent ε ∞ is detected at high frequencies and frequency-dependent C ′ at lower frequencies. Unfortunately, this point is often not recognized in the literature, perhaps because data may not extend to frequencies that are high enough to detect ε ∞ and therefore, equivalent circuits that are used to represent the bulk response may contain only R 1 and CPE 1 .A n alternative reason may be that data presentation is often limited to the use of Z ′′ vsZ ′ complex plane plots. These are completely insensitive to the presence of high frequency, power law impedances which occur at frequencies close to the origin of Z ′′ vsZ ′ plots.
(ii) Intermediate temperature data, 260 to 440
The second stage in finding an appropriate equivalent circuit was to consider data obtained at increasingly higher temperatures; additional impedance components became apparent in the lower frequency C ′ data and required inclusion of additional element(s) in the equivalent circuit. The effect of including various possible additional circuit elements was tested based on two strategies. One was to add a second element in series with the bulk element shown in circuit A, Figure 2 . This would represent a second series impedance associated with the single crystal and correspond to an electrical inhomogeneity of some kind. Given the small value of the intermediate frequency capacitance seen in Figures 1d, 1e , this electrical inhomogeneity would correspond to a significant volume fraction of the crystal. The second strategy was to consider an additional impedance in parallel with the bulk conductivity represented by circuit A, Figure 2 ; in order for this to be detected as a separate element, it should have dielectric character and involve a series R-C combination. It was found that partial circuit B, Figure 2 , containing an additional parallel impedance, gave the best fit to the experimental data at intermediate temperatures. This partial circuit has the logical simplicity of combining, in parallel, a conductive element, R 1 -C 1 -CPE 1 and a dielectric element represented by the C 2 -R 2 series combination. Circuit B also contains a series element CPE 3 to represent the onset of impedances associated with the sample-electrode interface. Fits to experimental data recorded at 306
• C, are shown in Figures 4a-4d ; the residuals are shown in (e) and are small over the entire frequency range.
The suitability of several other plausible equivalent circuits was tested, as shown in Figure 5 and Table I , circuits (D) to (J). Each of these circuits contains the same element, CPE 3 to represent the onset of the electrode-sample interfacial impedance and, therefore, the circuits differ only in the element(s) that represent the bulk response. The results, Figure 5 , show that all of these circuits were unsatisfactory for various reasons, as follows.
Circuits (D) and (E) are simple circuits that have a single conducting element to represent the sample bulk. Circuit (D) has the parallel element R 1 -CPE 1 whereas (E) has the parallel element R 1 -CPE 1 -C 1 . Both of these are often used in the literature to represent a bulk conductive response; they are in series with element CPE 3 to represent the sample-electrode interface. Residuals and fits for these circuits are not good.
Circuit (F) is the classic circuit used to represent many ceramics with a series combination of elements such as grains, grain boundaries and surface layers. Poor quality of the fits, of C' in particular, as well as poor residuals, show that this circuit is unsuitable.
Circuits (G), (H), (I) and (J) are other possible circuits that combine conductive and dielectric components although none have the logical consistency of a conducting element R 1 -C 1 -CPE 1 , in parallel with a separate dielectric element R 2 -C 2 that is present in circuit A. However, these circuits all gave poorer residuals than circuit (B) as well as an unrealistically high value of C 1 for circuit (I).
(iii) High temperature data, 500 to 600
• C The final step in obtaining a circuit that represents the complete range of impedance data was to fully characterize the sample-electrode contact impedance that is seen with increasing temperature and at lower frequencies. The complete, or master, equivalent circuit that includes partial circuits A and B is shown as circuit C in Figure 2 , although at these high temperatures, it was not possible to have a sufficiently wide range of frequencies to include refinement of the parameters, R 2 , C 2 and C 1 in data fitting. Element CPE 3 , that represents the sampleelectrode interface at high temperatures, is modified by the addition of a parallel resistance, R 3 . Consequently, this interfacial impedance has a finite resistance, as shown by an extrapolated limiting low frequency intercept on the real Z' axis of the impedance complex plane plot, Figure 6a . Since, at high temperatures, data do not extend to frequencies that are high enough to include a significant contribution from elements C 1 and R 2 -C 2 , circuit C is simplified to give the partial circuit shown in Figure 6a . Fits of Y ′ and C ′ spectroscopic plots to this partial circuit are shown in Figures 6b, 6c with residuals in 6d.
(iv) Highest temperature data, 650 to 750
• C, with inductive effects Impedance data at the highest temperatures were similar to those shown in Figure 6 , but with one main difference. Instead of the impedance data showing the onset of the R 1 -CPE 1 high frequency arc, an inductive effect was seen in which the impedance data at high frequencies cross the Z' axis to give positive values of Z''. This is s h o w ni nF i g u r e7a together with an equivalent circuit containing a series inductance L 1 which gave a good fit to the data at these high temperatures. The effect of the inductance on log Y ′ at the highest frequencies is shown in (b) and is also seen as a resonance effect in log C ′ data (c). There was no evidence for an inductive effect in lower temperature data, < 700
• C, and therefore the inductance is not included in the master circuit C.
Arrhenius plots for the conductivities σ 1 , σ 2 and σ t obtained from fitting to circuit B are shown in Figures 8a, 8b . The Arrhenius plot for σ t , (b), is not linear, consistent with that reported for various YSZ samples on many other occasions. 3, 7, 8, 10, 28, 29 This non-linearity is widely attributed to trapping of oxygen vacancies in vacancy-dopant complexes at low temperatures: 30 at higher temperatures, dissociation of the complexes occurs and the trapping enthalpy is not included in the activation energy. The total conductivity, σ t , at high temperatures, would therefore represent the hopping of free vacancies.
The temperature dependence of R 3 i ss h o w ni nF i g u r e8c and that of the CPE 1 parameters and C 1 is in Figure 8d . Resistance R 3 controls the total dc resistance of the sample-electrode arrangement and is associated, in some way, with the sample-electrode-air interface. It also has a very high activation energy, 2.5(1) eV. The two main processes taking place in the vicinity of the interface are redox electron transfer between oxygen species and the diffusion of O 2 molecules through the Pt electrode between the surrounding atmosphere and the sample-electrode interface, both of which could have a significant associated impedance. These processes may be significantly different for the flat, single crystal surfaces used here and the higher surface area, intrinsically rough, surfaces of most YSZ ceramics. Further work is required to better understand the nature of the interface reactions and their effect on resistance R 3 .
The Arrhenius plot for σ 1 is parallel to that for σ t at low temperatures and therefore, has the same activation energy. The similarity of the conductivity data for σ 1 and σ t at low temperatures is rationalized using the equation for Y * of circuit B. The bulk component of circuit B has four elements in parallel: R 1 ,C 1 ,CPE 1 and R 2 -C 2 and therefore, its admittance, Y * , can be written as the summation of their individual admittances, as follows:
In the low frequency limit, as ω → 0, Y * = 1/R 1 = σ 1 = σ t and therefore, σ t contains no contribution from the dielectric resistance R 2 . Consequently, R 2 makes no contribution to the intercept values of R t in impedance complex plane plots and could not be detected by standard impedance complex plane analysis.
The Arrhenius plot for σ 2 has lower activation energy than that for σ 1 , and is similar to that of σ t at high temperatures. σ 2 appears to represent the reorientation of the vacancy-dopant complexes. The interpretation of its lower activation energy would be that dipole reorientation, represented by series element R 2 -C 2 , does not require dissociation of the complexes; hopping of the oxygen vacancies within the complexes is therefore similar to the hopping of free vacancies at (7) high temperature, without the need in either case for vacancy-complex dissociation. In order to investigate the effect of heating to high temperatures and subsequent cooling rate on the conductivity, (110)-oriented YSZ single crystals were annealed in air at 1200
• C for 90 minutes and cooled at different rates. Figure 9a shows the Arrhenius plots of the samples cooled at different rates. All three data sets show non-linear Arrhenius plots, but slight differences can be observed in both high temperature (b) and low temperature (c) ranges. At high temperature, the sample quenched in liquid N 2 shows slightly lower conductivity than the samples cooled at 10 and 0.5
• C/min, which show similar conductivities. Conversely, at low temperature, the quenched sample shows higher conductivity values than the samples cooled at intermediate and low cooling rates.
The equivalent circuit analysis results reported above have enabled us to identify the most appropriate equivalent circuits to represent the experimental data sets. At lower temperatures where the bulk response of the crystals can be seen in the available frequency range, it is clear that the bulk response contains two components which are in parallel, rather than a series-connected circuit which is usually appropriate for ceramic materials consisting of grain and grain boundary components. Thus, as expected, there is no evidence of a component attributable to grain boundaries or, indeed, to a surface layer or crystal inhomogeneity. We are therefore now in a position to consider the possible mechanistic origins of the two parallel components, one of which represents long range conduction and the other which appears to represent local conduction or a dielectric relaxation process.
The traditional explanation of curvature in conductivity Arrhenius plots of YSZ ceramics and single crystals is the so-called 'dipoletrapping model', which invokes the trapping of mobile oxygen vacancies by the Y acceptor dopants. The trapping arises because the dipole components have charges of opposite sign, i.e. using Kröger-Vink notation, they are Y ′ and V
••
o . At lower temperatures, an additional dissociation enthalpy is required to enable long range conduction of the oxygen vacancies and this gives rise to an activation energy which contains terms for both dipole dissociation and vacancy migration. At higher temperatures, above the region of curvature in the Arrhenius plots, it is presumed that a sufficient number of dipoles are dissociated and therefore, the observed lower activation energy contains only the vacancy migration term.
Our equivalent circuit B is at least partly consistent with this model; the series element R 2 -C 2 represents hopping of oxygen vacancies within the dipoles and therefore, leads to dipole reorientation but not long range vacancy migration. The dipole reorientation is an ac process only but occurs at the same time as long range dc conduction; therefore, R 2 does not contribute to the total crystal resistance R t (= R 1 ). From the difference in activation energies of σ 1 and σ 2 ,the value of ∼0.2 eV may be assigned to the dissociation enthalpy. This value is similar to that reported in the literature [11] [12] [13] [14] [15] based on high and low temperature activation energies whereas here, both values are obtained from the same, low temperature, data sets. This simple dipole trapping model has certain drawbacks. As pointed out by Ahamer et al., 15 these YSZ materials cannot be regarded as dilute defect systems since the dopant Y concentrations are far too high; it is difficult to imagine how genuinely-free oxygen vacancies could arise since there will always be Y dopants in the near vicinity of the oxygen vacancies. It is also difficult to explain the differences in conductivity observed between quenched and slow-cooled crystals using this model. As shown by Ahamer et al. 15 andalsoinFigure9, quenched crystals have a higher conductivity at low temperatures followed by a slightly smaller conductivity at high temperatures. The increased conductivity at lower temperatures in the quenched samples could be interpreted reasonably as an increase in number of free oxygen vacancies arising from the dipole dissociation at high temperatures prior to quenching. However, the higher temperature data imply a reduction in mobile vacancy concentration which cannot be explained by a simple model of dipole dissociation.
Given the large concentration of both Y dopants and oxygen vacancies, other reversible structural changes may occur as a function of temperature which influence the mobile carrier concentration at high temperatures. High temperature neutron diffraction studies on YSZ powders showed additional broad diffuse scattering peaks which disappeared above 650
• C and a discontinuity in thermal expansion coefficient data was used as evidence for the occurrence of a second order phase transition. 31 We now consider the recently-proposed 'two different barrier heights' model 15 in which the conduction pathway involves a sequential combination of hops over two different barrier heights. This model can also account for curvature in the Arrhenius plots. Thus, at low temperatures the higher barrier limits the long range conductivity. With increasing temperature, the higher barrier becomes less important since it has a higher activation energy than that for hops over the lower barriers. Consequently, at high temperatures, the lower barriers limit the long range conductivity.
A drawback of this model is that it is a series model and therefore, impedance data at low temperatures should fit an equivalent circuit that has two R, C components, representing the two barrier heights, which are placed in series. In addition, the spectrum of conductivity, Y ′ vs frequency should show two plateaux, one representing the overall conductivity at low frequencies and a second one at higher frequencies that includes the conductivity of the easier hops. In our impedance data, there is no evidence of a second series component in the equivalent circuit nor of two plateaux in the conductivity, Y ′ , spectra. As with the dipole dissociation model, there is also the difficulty in explaining the differences in conductivity of quenched and slow-cooled samples.
In conclusion, there is a closer fit of the dipole model to the equivalent circuit B that contains two parallel conduction pathways, but the dipole model is a significant approximation to what must be complex, co-operative conduction mechanisms in which two activation barriers can be identified. Further, the nature of the defect clusters may change at a second order transition and involve more structural reorganization than simple dipole dissociation.
Crystallographic evidence for defect clusters has been obtained by single crystal neutron diffraction studies on YSZ crystals with a range of Y contents 32 and Sc-doped YSZ ceramics. 33, 34 An important cluster appears to be a pair of oxygen vacancies, separated by a cation, in the < 111> direction. These are reported to be stable to high temperatures, close to melting. However, the precise nature of the structural changes to the defect complexes responsible for curvature in the Arrhenius plots is, at present, unknown. Possibly, two separate cluster formation mechanisms are involved; one involves Y The increase in concentration of one kind of cluster may be at the expense of the second kind and this may be reflected in the conductivity data showing an enhanced conductivity at lower temperatures at the expense of a reduced conductivity at higher temperatures. However, this is speculation and requires further study.
Conclusions
Accurate representation of bulk impedance data of single crystal YSZ samples requires the presence of a dielectric element in the equivalent circuit in addition to the usual element that represents the bulk conductivity. The circuit that best fits the bulk response is a parallel combination of the R 1 -C 1 -CPE 1 conducting element with the R 2 -C 2 dielectric element, Figure 10 .R 1 represents the dc resistance of the sample and is the same as the total resistance R t obtained by conventional complex plane analysis. R 2 represents the resistance to defect complex reorientation and has similar activation energy to the total resistance at high temperatures. We are, therefore, able to determine the parameters for local hopping or dipole reorientation separate from the long range, conductivity parameters.
Previous studies on YSZ ceramics showed the need for inclusion of the dipole element but a full assessment of the most appropriate circuit to represent the data was not made. 20 Here we show that, with single crystal data and no contribution from grain boundary impedances, it is possible to identify unambiguously the most appropriate equivalent circuit. Circuit B is also the most logical circuit since it represents the two parallel processes of conduction and dielectric relaxation.
Choice of the most appropriate equivalent circuit to fit and analyse data requires data presentation in numerous ways so as to give equal weighting to all impedance components over the entire frequency range. Conventional impedance complex plane plots on linear scales, Z ′′ vsZ ′ , which have been widely used previously to analyse YSZ impedance data, are insensitive to impedance phenomena at high frequencies and were unable to discriminate between the various equivalent circuits that were considered and tested. It was found to be particularly useful to present impedance data as log Y ′ vs log f ,which showed the distribution of conductivities and log C ′ vs log f ,w h i c h showed the distribution of capacitances. These presentations were sensitive to additional impedance components because the equivalent circuit, Figure 10 , has a parallel combination of contributing elements that are best separated using admittance-based formalisms and are an example of the truism: admittances add in parallel whereas impedances add in series.
As far as we are aware, the contribution of short range dielectric processes in parallel with long range ionic conduction has not been well-recognized previously in the analysis of impedance data of YSZ. However, the occurrence of series-based, local ac conduction processes as part of overall, long range dc conduction, is widely attributed to the frequency-dependent, power law ac conductivity at high frequencies, such as shown in Figures 1b, 3c ,e t c .S u c hp r ocesses are usually represented by a CPE, which can be deconvoluted into resistive and capacitive components, whose relative contribution is given by the CPE parameter, n. From present results, both CPE 1 and the dielectric processes, R 2 -C 2 , contribute to the overall impedance response of YSZ materials.
The activation energy for σ 2 , which represents dipole reorientation, is similar to that of σ t at high temperatures, where it is presumed that oxygen vacancies require no dissociation energy in order to move. The higher activation energy of σ t at low temperatures therefore contains a contribution from dipole dissociation, estimated at ∼0.2 eV. This simple model of dipole dissociation needs modification to take account of first, structural studies of defect complexes, including temperaturedependent cluster formation in diffuse scattering neutron diffraction data and second, the high concentration of dopants and oxygen vacancies which exceed greatly the limit for considerations using dilute defect equilibria.
These results on a single crystal sample show that the bulk response contains two components, representing dielectric and conduction processes. Recognition and modelling of this complexity may help to shed light on grain boundary contributions to the impedance of ceramic samples. The intermediate frequency capacitance plateau that we identify with the dielectric component C 2 has been in evidence in the impedance response of numerous other single crystal and ceramic samples, 35, 36 not only of YSZ; it may therefore be a common feature of the impedance data of many ionic conductors.
